The effect of ageing in parent phase and martensite stabilization on melt spun Ni 50 Ti 30 Hf 20 ribbons were investigated by Differential Scanning Calorimetry and X Ray Diffraction. Thermal treatments in parent phase generally shift the martensitic transformation range as far as an equilibrium state is reached. The equilibrium state, here found for a thermal treatment at 450 C (723 K), was adopted as start state to investigate ageing in martensite (commonly indicated as martensite stabilization). Martensite stabilization involves diffusion processes with an activation energy in the order of 1.2 eV: results add a piece of evidence to the general principle of Symmetry-Conforming Short-Range Order advanced by Ren and Otsuka.
Introduction
The interest in Ni 50 Ti ð50ÀxÞ Hf x alloys has grown with the interest in High Transformation Temperature Shape Memory Alloys (HTSMAs). Literature data on these alloys [1] [2] [3] have clearly shown that relatively high transformation temperatures can be reached and increase with Hf content from x ¼ 8 at% to x ¼ 20 at%.
Several issues are however to be overcome for a friendly use of these alloys: tensile strength and recoverable deformation strain are just some examples. The increase of Hf content induces hardening and reduces moreover alloy workability. 4, 5) The melt spinning technique looks interesting chiefly to overcome the last problem.
The exploitation of Ni 50 Ti ð50ÀxÞ Hf x functional properties requires generally a thermal annealing at intermediate temperatures (673 K-873 K), specifically for melt-spun ribbons, often obtained in amorphous state. Results related to the effect of thermal annealing in the above mentionated range are however lacking in literature.
The purpose of present paper is to investigate first the effect of a thermal annealing in parent phase, in the range 548 K-823 K, on the martensite transformation temperatures and its relevance, in some selected case, on the stabilization of martensite.
Martensite stabilization, a well-known phenomenon in Cubased shape memory alloys, 6, 7) is related to ageing in martensite which promotes a martensite more stable with ageing and a reverse transformation temperature which increases with ageing time: 8) aged martensite appears more stable than fresh unaged martensite.
The time dependent ageing in martensite is clearly connected with diffusion processes: evidence of martensite stabilization can be obtained for alloys containing point defects and exhibiting an appropriate reduced martensitic transformation temperature M s =T m , where M s is the martensite start temperature and T m the melting temperature. The higher this reduced temperature is, the faster diffusion in martensite becomes. If this value is too low, ageing phenomena are too slow to be observed: NiTi has a too low M s =T m for martensite ageing to be observed. 9, 10) For the Ni 50 Ti 30 Hf 20 alloy the value is higher (M s =T m % 0:28) and martensite ageing can be expected.
Investigations on martensite ageing in a Ni 50 Ti 30 Hf 20 alloy obtained by melt spinning, lacking in literature, are here examined, subsequent to ageing in parent phase required to set an equilibrium start state: literature results on stabilization are just limited to a preliminary ageing treatment at 533 K 11) for a similar alloy composition.
Experimental
Ni 50 Ti 30 Hf 20 melt spun ribbons with typical thickness 28:8 AE 1:9 mm and width 1:56 AE 0:07 mm were here examined. The preparation procedure is described in papers. 4, 5) All thermal treatments, except for the specimens to be examined by X Rays Diffraction (XRD), were performed in a Perkin-Elmer DSC7 Differential Scanning Calorimeter, under a high purity N 2 stream.
All the specimens were preliminarily submitted to a crystallization procedure, consisting of a thermal scan up to 823 K, performed in the DSC apparatus: typical transformation start temperature for crystallized specimens were A start ¼ 500:3 K and M start ¼ 441:2 K. Thermal treatments in parent phase, at temperatures (T) in between 548 K and 823 K, were successively carried out and their effect on the transformation temperatures was detected by DSC scans at a scanning rate of 0.33 K/s. XRD spectra were detected on a Siemens D500, provided with a heating-cooling attachment in the temperature range of 80 K Ä 575 K, using K (Cu) = 0.154056 nm. An angle step of 0.02 in the range 20 < 2 < 95 and a 4 s acquisition time were generally chosen.
Specimens to be examined with XRD were preliminarily heat treated in parent phase (1.8 ks either at 723 K or 773 K or 823 K) under vacuum. A XRD spectrum of the specimen holder and the substrate was also detected. Specimen surface examined by XRD was that in contact with the rotating wheel Martensite stabilization is evaluated from DSC thermal scans as the shift of the first reverse transformation temperature peak A 0 peak of aged martensite respect to A peak of the reverse fresh martensite, detected during the second DSC thermal scan on heating, the two DSC scans being performed in sequence.
Results

Thermal treatments in parent phase
The effect of ageing in parent phase on the martensitic transformation was evaluated from the transformation temperatures, as deduced from DSC scans detected after each thermal treatment.
A typical set of DSC scans, performed immediately after each thermal treatment, is plotted in Fig. 1 after different ageing times in parent phase at 573 K.
A single transformation was found both on heating and on cooling for all the performed treatments, specifically for 573 K, 673 K, 723 K, 773 K, 823 K heat treatments. The thermal treatment at 548 K, up to an ageing time of 216 ks, was also investigated to make a comparison with literature results 11) on a Ni 50 Ti 32:3 Hf 17:7 alloy, obtained by similar experimental procedures and with a composition near to the one here investigated.
The peak temperature A peak of the reverse martensitic transformation, after each thermal treatment, as a function of ageing time, is plotted in Fig. 2 for all the investigated thermal treatments. Whilst a consistent shift in A peak is found after either a thermal treatment at 823 K or at 773 K, no change in A peak was appreciated with increasing ageing time for the thermal treatment at 723 K, except for a small decrease for very short ageing times.
The thermal treatment at 723 K, for an ageing time of 3 ks, was therefore selected to set the start state of specimens to be used to investigate the effect of martensite ageing.
XRD investigations were performed both on the specimen heat treated at 723 K and on the specimens which exhibited the largest shift of transformation temperatures with ageing time (which is the case for 773 K and 823 K thermal treatment after 1.8 ks ageing time). The examined specimens correspond to the open dots in Fig. 2 for t ¼ 1:8 ks.
For each specimen, XRD spectra were detected either in martensite at T ¼ 303 K or in parent phase at 573 K and are here plotted in Figs. 3 and 4 respectively: XRD spectra on as cast specimen are also given for comparison.
Arrows on the spectra point to small extra peaks related to the substrate used to fix the ribbons on the sample holder.
As well shown in the XRD spectra in martensite state ( Fig. 3 ) and in parent phase ( Fig. 4 ), as cast specimens exhibit a broad peak around 40 degree, typical of an amorphous state, which disappears with ageing in parent phase. The presence of an amorphous state is currently found in literature 12, 13) for specimens obtained with the same experimental procedure.
XRD spectra, both in martensite and in parent phase, show insignificant changes between specimens submitted to different ageing treatments, despite the significant change in transformation temperatures induced by thermal treatment (see Fig. 2 ).
Indexing of the spectra in martensite points out the presence of ð110Þ B2 reflection after all the examined thermal treatments, to be ascribed to some retained parent phase in martensite. Time , t /s
Ageing temperature 
Ageing in martensite phase
As above described, specimens preliminary heat treated at 723 K for an ageing time of 3 ks, were selected to investigate martensite stabilization. Three stabilization temperatures, 481 K, 486 K, 491 K, which are just lower than the start reversion temperature, were selected for the martensite ageing treatments. Figure 5 (a) shows the typical DSC scans performed after different martensite stabilization times, up to 115.2 ks, performed at an ageing temperature of 491 K: after each martensite ageing two DSC scans were detected in sequence, as indicated in the plot. The first scan refers to stabilized martensite, the second one refers to fresh martensite. A shift on y-scale is adopted for clarity.
The effect of martensite stabilization is evaluated from the change of the reverse transformation temperature A 0 peak of stabilized martensite, respect to that of the reverse fresh martensite A peak , as a function of stabilization time.
In Table 1 the ÁA peak ¼ A 0 peak À A peak , after the different investigated stabilization times, is given for the martensite stabilization temperatures 481 K, 486 K, 491 K.
In Table 2 the ÁA peak values obtained after martensite ageing at 473 K, 478 K, 483 K are reported. For these specimens the start state before martensite ageing was set with a thermal treatment at 548 K and an ageing time of 216 ks, conditions selected for a comparison with the few literature results on a Ni 50 Ti 32:2 Hf 17:7 alloy. 11) In Fig. 5(b) a typical set of DSC scans are given for different ageing times during martensite stabilization at 473 K.
Discussion
Ageing in parent phase
The start state to investigate the effect of thermal treatments in parent phase is the crystallized state. The thermal treatments performed at T ! 773 K in parent phase, shift the martensitic transformation temperatures to higher temperatures respect to the start state: the annealing times here investigated for this range of temperatures do not allow to reach a stationary state. On the contrary, for the thermal treatments at T ¼ 723 K the transformation temperatures approach a reasonably constant value even after short ageing times: for that reason the ageing treatment at 723 K was selected to set the start equilibrium state required to investigate martensite stabilization.
The specimens heat treated at 723 K, 773 K, 823 K were examined by XRD analysis to detect possible modification in the spectra as a result of their parent phase ageing. The spectra were acquired either at room temperature in martensite or at 573 K in parent phase.
XRD peaks in martensite were indexed using the crystallographic data 5) for the monoclinic B19': Despite XRD results evidence almost no modification between spectra detected after ageing treatments at different temperatures in parent phase, DSC thermal scans show that martensite-parent phase transformation shifts to higher temperatures even for short ageing times at 823 K. The treatment in parent phase either at 773 K or at 823 K cannot be considered to set an equilibrium state, at least for the ageing times here investigated. The increase of transformation temperatures due to ageing in parent phase is most probably to be ascribed to the relief of constraint consequent to the preparation procedure.
The presence of retained parent phase after the investigated parent ageing treatments suggests an incomplete transformation to martensite: retained parent phase is often found in literature 4, 14) for melt spun ribbons of the same family obtained by similar preparation procedures.
Martensite stabilization
The temporary shift of the reverse martensitic transformation of stabilized martensite respect to the fresh martensite can be evaluated from ÁA peak ¼ A 0 peak (stabilized) À A peak (fresh), here given in Tables 1 and 2. In Fig. 6 ÁA peak is plotted as a function of the martensite stabilization time at 481 K, 486 K, 491 K: as well evident the ÁA peak values increase with time, supporting the involvement of a diffusion process.
The shift increases with the martensite ageing time: in the hypothesis of a diffusion process the mean diffusion distance " x x / ffiffiffiffiffi Dt p , 15) where D is the diffusion coefficient of the lattice defects and t the diffusion time. The same diffusion length can be reached for different ageing times at different temperatures.
From our results, taking ÁA peak = constant, the martensite ageing temperatures T and the corresponding times were deduced. The values of T and the related t, in an Arrhenius plot exemplified in Fig. 7 , allowed to calculate the activation energy of the process. In the case of the stabilization treatments at 481 K, 486 K, 491 K the mean activation energy deduced for ÁA peak = 4 K, 5 K, 6 K, 7 K, 8 K was 1:29 AE 0:13 eV. The activation energy, for ÁA peak = 4 K, 6 K, 8 K, 10 K, 11 K values, related to the martensite stabilizations at 473 K, 478 K, 483 K, was 1:01 AE 0:14 eV.
The activation values here found are deduced in an extended range of investigated martensite ageing times: the related standard deviations are as expected low. The result given by Santamarta et al. 11) is calculated from a single Arrhenius plot deduced just for ÁT ¼ 2:2 K, where they had experimental data: that explains their high standard deviation 0.4 eV.
The figures here found for the activation energy, within the standard deviation, appear related to the same phenomenon in both examined cases and may suggest the underlying diffusion process is related to a vacancy migration. As a matter of fact martensite stabilization proceeds via the migration of vacancies: vacancy concentration can be considered almost the same in the investigated treatments, being the selected martensite ageing temperatures very close together.
Unfortunately vacancy migration energies in NiTiHf alloys are lacking in literature: the few known results are related to vacancy migration in a Ni matrix (E V M ¼ 1:04 eV 16) ) and in the intermetallic compound Ni 47 Al 53 (E V M ¼ 1:8 AE 0:1 eV 17) ).
Conclusions
Ageing in parent phase can induce significant changes in the transformation temperatures, specifically for ageing treatments at T ! 773 K.
On the other hand XRD results do not evidence modifications in the diffraction spectra related to different parent ageing treatments and seem rule out precipitations.
As for martensite ageing, the thorough investigation here performed allows to support the view of a diffusion process with an activation energy in the order of 1.2 eV and add a piece of evidence to the scheme advanced by Ren and Otsuka 9, 10) to explain martensite stabilization in shape memory alloys. 
